Cadmium is a heavy metal that is often referred to as the metal of the 20 th Century. It is widely used in industry principally in galvanizing and electroplating, in batteries, in electrical conductors, in the manufacture of alloys, pigments, and plastics, and in the stabilization of phosphate fertilizers. As a byproduct of smelters, cadmium is a prevalent environmental contaminant. In the general population, exposure to cadmium occurs primarily through dietary sources, cigarette smoking, and, to a lesser degree, drinking water. Although the metal has no known physiological function, there is evidence to suggest that the cadmium is a potent metallohormone. This review summarizes the increasing evidence that cadmium mimics the function of steroid hormones, addresses our current understanding of the mechanism by which cadmium functions as a hormone, and discusses its potential role in development of the hormone dependent cancers.
Over the past several decades, the global incidence rate of breast cancer has increased continuously (Richie et al., 2003; Althuis et al., 2005) , yet the underlying causes of the increase are largely unknown. Screening practices, access to mammography, and the use of exogenous estrogens and progestins contributed to the high incidence rates during the 1980s, but do not explain the increase in incidence rates before the 1980s or the increase in countries with low rates of screening and use of hormones (Ursin et al., 1994) . It has been suggested that the continuous increase in incidence is due to a combination of an increase in the prevalence of exposures to known risk factors and to new unidentified risk factors (Feigelson et al., 2004; Althuis et al., 2005) . Family history is a risk factor for developing breast cancer (Miki et al., 1994) , but only 5-10% of breast cancers are associated with the highly penetrant BRCA1 and BRCA2 genes (Miki et al., 1994) . Endocrine status, on the other hand, is a prominent risk factor for developing the disease. Early age at menarche (Kampert et al., 1988; Pike et al., 1981) , late age at menopause (Lippman, 1985; Henderson et al., 1985) , and later age at first full-term pregnancy (MacMahon et al., 1973) increase the risk of developing breast cancer. Endogenous and exogenous exposure to estrogens and progestins after menopause increase the risk of postmenopausal breast cancer (Hoover et al., 1976; Hankinson et al., 1998; Toniolo et al., 1995) . A history of benign breast disease also increases the risk of developing breast cancer. However, these well established risk factors, i.e., family history, reproductive and menstrual history, and history of benign breast disease, are estimated to account for only about 40% of breast cancer cases (Madigan et al., 1995) . Childhood exposure to ionizing radiation (Boice, Jr. et al., 1999; Land, 1995; Tokunaga et al., 1987) , adult alcohol consumption (Dorgan et al., 2001) , and obesity (Yong et al., 1996; Feigelson et al., 2004) also increase the risk of the disease. However, these highly prevalent, but modest, risk factors are unlikely to account for the remaining cases of breast cancer (Feigelson et al., 2004; Feuer et al., 1993; Althuis et al., 2005) supporting the hypothesis that there are still unidentified risk factors for developing the disease.
The prominence of estrogens in the etiology of breast cancer suggests that environmental exposures that mimic the effects of estrogens may be potential risk factors for the disease. Although a number of chemicals in the environment demonstrate estrogen like activity (reviewed in Colborn et al., 1993) , the influence of these environmental estrogens in breast cancer etiology is not clear. Phytoestrogens are naturally occurring plant compounds that exhibit mixed weak estrogen agonist and antagonist activity. Phytoestrogens are classified into several groups including the isoflavones (e.g., genistein, daidzein, and biochanin A), the lignans (e.g., enterolactone and enterodiol), the coumestans (e.g., coumestrol), and the stilbenes (e.g., resveratrol). Early ecological and epidemiological studies showing that Asian populations that consume diets rich in phytoestrogens had a lower incidence of breast cancer raised the possibility that phytoestrogens may be effective chemopreventive agents for breast cancer. However, most epidemiological studies did not show a protective effect (reviewed in Peeters et al., 2003) that, in part, may be due to the weak, differential affinity of phytoestrogens for the two isoforms of the estrogen receptor (ERα and ERβ).
While phytoestrogens are thought to be protective for breast cancer, xenoestrogens are thought to increase the risk of breast cancer. Xenoestrogens are synthetic chemical contaminants in the environment that represent a structurally diverse group of hydrocarbons. Many xenoestrogens contain one or two aromatic rings and some xenoestrogens are chlorinated giving them a negative charge. Bisphenol A is a xenobiotic that was originally synthesized for pharmaceutical use as a synthetic estrogen but was later used as a crosslinking reagent in the production of plastic. However, most xenoestrogens were not designed to activate the estrogen receptors. Organochlorides, such as dicholorodiphenyltrichloroethane (DDT) and kepone, were designed for use as pesticides while alkylphenols were used in the manufacture of plastics and detergents and as antioxidants. Polychlorinated biphenyls (PCBs) are also prominent environmental contaminants that mimic the effects of estrogens (Colborn et al., 1993) . Because of their persistence in the environment and the availability of analytical protocols, most exposure studies have focused on PCBs and the metabolite of DDT, p,p'-dichlorodiphenyl dichloroethylene (DDE), and the risk of developing breast cancer. However, these studies did not show a clear correlation between PCBs and/or DDE and the disease (reviewed in Safe, 2004) . It has been suggested that the lack of correlation is due, in part, to low affinity of these chemicals for the estrogen receptor (Safe, 1995) . In addition to phytoestrogens and xenoestrogens, a new class of environmental estrogens referred to as metalloestrogens has been identified. Metalloestrogens include the heavy metals and metalloids cadmium, aluminum, antimony, arsenite, barium, cobalt, copper, chromium, lead, mercury, nickel, nitrite, selenite, tin, uranium and vanadate (Johnson et al., 2003; Garcia-Morales et al., 1994; Stoica et al., 2000a; Stoica et al., 2000b; Stoica et al., 2000c; Martin et al., 2003; Darbre, 2005; Choe et al., 2003; Raymond-Whish et al., 2007; Veselik et al., 2008) .
ESTROGENIC EFFECTS OF CADMIUM
The MCF-7 cells are a hormone dependent human breast cancer cells that require estrogens for growth (Brooks et al., 1973) . Similar to estradiol, cadmium induces proliferation (GarciaMorales et al., 1994; Brama et al., 2007; Martinez-Campa et al., 2006) , increases the transcription and expression of estrogen regulated genes such as the progesterone receptor (Garcia-Morales et al., 1994) , and activates ERα in transient transfection assays (GarciaMorales et al., 1994; Stoica et al., 2000a; Wilson et al., 2004; Martinez-Campa et al., 2006) . The effects of cadmium are blocked by an antiestrogen suggesting that the effects of the metal are mediated by the ERα genomic pathway. Additional evidence shows that cadmium also activates the nongenomic ERα pathways through ERK1/2 and Akt (Brama et al., 2007; Liu et al., 2008) . More importantly, at a dose similar to the World Health Organization Provisional Tolerable Weekly Intake, cadmium mimics the in vivo effects of estrogen in target organs in animal studies (Johnson et al., 2003) . Similar to estrogens, exposure of ovariectomized animals to a low dose of cadmium (5 ug per kg body weight) results in the induction of estrogen target genes and an increase in uterine wet weight that are blocked by an antiestrogen. Histological examination of the uterus reveals that the increase in weight is accompanied by a proliferative response of the endometrium. In the mammary gland, exposure to cadmium also induces estrogen target genes and promotes the growth and differentiation that are blocked by an antiestrogen. There is an increase in side branching of the mammary ducts and in the number of alveolar buds. Immunocytochemical analysis demonstrates production of casein and whey acidic protein in the ducts suggesting that the metal induces a secretory differentiation of the mammary gland (Johnson et al., 2003) . Furthermore, in utero exposure to cadmium mimics in utero exposure to estradiol. Female offspring, exposed while in utero to the metal, have an accelerated onset of puberty and altered mammary gland development. Taken together, these experimental data provide strong evidence that exposure to environmentally relevant doses of cadmium may increase the risk of breast cancer due to its ability to activate ERα.
In support of a role for cadmium in breast cancer, exposure to the metal has been linked to an increased risk of the disease in a hypothesis-generating case-control study that examined over 33,000 death certificates attributed to breast cancer and over 117,000 non-cancer deaths between 1984-1989 that were coded for occupation and industry (Cantor et al., 1994) . The study found that cadmium was associated with an approximate 8 to 20% increase in breast cancer risk among white women and 50 to 130% increase in risk among African-American women. As acknowledged by the authors, the method of determining exposure (e.g., a single occupation listed on the death certificate, based on information from a proxy) may have subjected the study to substantial non-differential misclassification which can markedly attenuate the observed odds ratios leading to an underestimation of risk. Furthermore, there was no information on other breast cancer risk factors that could have further distorted the results. A second epidemiological study in a retrospective cohort of working Swedish women also suggests a link between occupational exposure to cadmium and an increased risk of breast cancer (Ursin et al., 1994) . In this study, women employed as metal platers and coaters had the highest standardized incidence ratio. Metal plating and coating exposes workers to cadmium, hexavalent chromium, and organic solvents. A recent population based case-control study, which measured cadmium in urine, found that 25% of the women with the highest level of cadmium have more than two-fold increased risk of breast cancer (odds ratio [OR]: 2.29; 95% confidence interval [CI]; 1.3-4.2) than the 25% of women with the lowest level of cadmium and estimates that approximately 36% of breast cancer may be attributed to exposure to the metal (McElroy et al., 2006) . Since the latter study was conducted in breast cancer patients treated for the disease, the study did not establish whether cadmium was associated with the risk of developing breast cancer or was a consequence of the disease and/or treatment. Although these studies do not demonstrate a clear cause and effect relationship between cadmium and breast cancer, the studies support the hypothesis that exposure to cadmium increases the risk of the disease. Endometrial cancer is another estrogen related cancer. A more recent population-based prospective cohort study showed that long term dietary intake of cadmium is associated with a 2.9-fold increased risk in postmenopausal women (95% CI; 1.05-7.79) (Akesson et al., 2008) providing additional support of the hypothesis that exposure to cadmium increases the risk of hormone dependent cancer. Although the epidemiological studies suggest a link between cadmium and breast and endometrial cancers, more experimental and epidemiological studies are required to establish a cause and effect association between the metal and hormone dependent cancers and to verify the mechanism of action.
ESTROGEN RECEPTOR STRUCTURE AND FUNCTION
The actions of estrogens in the breast are mediated by two isoforms of the estrogen receptor, alpha and beta. Although the precise role of the ER isoforms in mediating the effects of estradiol in the breast is not well defined, it is thought that ERα mediates the mitogenic actions of estradiol while ERβ mediates an antimitogenic effect (reviewed in Pettersson et al., 2001) . In support of this hypothesis, the mammary gland from ERβ knockout mice are indistinguishable from wild type animals, while the glands from ERα knockout mice are underdeveloped providing evidence that ERα mediates the mitogenic effects. The uteri of ERβ knockout mice also demonstrate an increase in proliferation and a hypersensitivity to estradiol providing additional support for the mitogenic actions of ERα and the antimitogenic actions of ERβ. In transcription assays, ERβ is less active than ERα and in cotransfection assays, ERβ inhibits the activity of ERα (Pettersson et al., 2000; Cowley et al., 1997) supporting the opposing effects of ERα and ERβ.
Estrogen receptor-alpha is divided into domains, termed A through F (figure 1A) (Kumar et al., 1987) . Region A/B is the variable N-terminal region of the receptor which has a modulatory effect on the transactivation of transcription through a domain referred to as activation function 1 (AF-1) (Kumar et al., 1987) . The central domain, region C, is a short well conserved cysteine rich region which corresponds to the DNA binding domain (Krust et al., 1986) . Two DNA binding fingers are formed when cysteines tetrahedrically coordinate with a zinc ion; the intervening amino acids form fingers which interact specifically with DNA. The N-terminal zinc finger contacts the major groove of one half of the palindrome of the estrogen response element in the DNA of target genes, whereas, the C-terminal zinc finger contacts the sugar phosphate backbone of the flanking sequences. In addition to a role in DNA binding, the Nterminal zinc finger appears to play a role in transactivation. There is also a weak constitutive dimerization domain in the DNA domain. The most structurally and functionally complex region of the receptor is the C-terminal domain which corresponds to regions D, E, and F. Region E is the ligand binding domain. In addition to binding hormone, the ligand binding domain functions to inhibit the DNA binding domain of the receptor. In the absence of hormone, ERα is sequestered in an inactive, repressed complex with molecular chaperones such as heat shock proteins. Hormone binding induces a conformation change in the ligand binding domain that releases the receptor from the inactive complex and consequently, relieves the masking effect of the ligand binding domain. The receptor dimerizes and subsequently binds to DNA response elements. Similar to other receptors, transcriptional activity of ERα requires the recruitment of steroid receptor coactivators. There are three members of the p160 class of steroid receptor coactivators: SRC-1 (ERAP160/NCoA-1), SRC-2 (TIF2/GRIP1/ NCoA-1), and SRC-3 (AIB1/RAC3/ACTR/TRAM1/pCIP) (Han et al., 2008) . Once bound, the coactivators recruit the cointegrator p300/CBP (CREB binding protein). The coregulator complex stimulates transcription by remodeling chromatin through its ability to acetylate histones and by its interaction with the basal transcription machinery (Lu et al., 1998) .
Similar to other nuclear receptors (Wurtz et al., 1996; Renaud et al., 1996; Bourguet et al., 1995; Brzozowski et al., 1997; Wagner et al., 1995; Tanenbaum et al., 1998; Shiau et al., 1998) , the ligand binding domain of ERα contains 11 alpha helices (H1, H3-H12) folded into a three layered antiparallel alpha helical sandwich. The central core layer contains the ligand binding pocket and is formed by three alpha-helices (H5/6, H9, and H10) sandwiched between two additional layers of helices composed of H1-4, H7, H8, and H11. The central core of the ligand binding pocket is flanked by H12. Based upon the crystal structure of apo-and holo-RXR-α (Bourguet et al., 1995; Egea et al., 2000b) , several major structural changes are thought to occur as a result of ligand binding; helix H12 is repositioned over the ligand binding pocket; helix H11 rotates around its helical axis and tilts away from the pocket; and the N-terminal end of helix H3 rotates around its axis and bends towards helix H4 and the core of the pocket (Egea et al., 2000b; Bourguet et al., 1995) (figure 1). To account for these structural changes, it has been proposed (Wurtz et al., 1996; Egea et al., 2000a) that, once inside the pocket, the retinoid induces the rearrangement of helix H3 which, in turn, causes helix H11 to rotate and to form a continuous bent helix with helix H10. The repositioning of helix H11 pulls helix H12 under helix H4. The repositioning of helices H3 and H12 entraps the ligand in a manner similar to a mouse trap (Wagner et al., 1995) and results in the formation of a shallow hydrophobic groove that constitutes the AF-2 domain, the binding site for steroid receptor coactivators (Nolte et al., 1998) . In the case of ERα, it has been suggested that, in addition to inducing a conformational change, estradiol functions inside the pocket as a scaffold for the structure of the ligand binding domain (Tanenbaum et al., 1998) . The hydroxyl group on the A ring of the steroid hydrogen bonds with glu353 on helix H3, arg394 on helix H5, and a water molecule, while the hydroxyl group on the D ring hydrogen bonds with his524 on helix H11. In addition, the steroid backbone forms van der Waals interactions with hydrophobic amino acids on helices H3, H5, H7, and H11 and in the turn between the β sheets (Brzozowski et al., 1997; Tanenbaum et al., 1998) .
MECHANISM OF CADMIUM ACTION
Similar to estradiol, cadmium activates ERα through the ligand binding domain. When COS-1 cells are transiently cotransfected with GAL-ER, a chimeric receptor containing the DNA binding domain of the transcription factor GAL4 and the ligand binding domain of ERα, a GAL4-responsive reporter gene, and treated with cadmium, there is an increase in reporter gene activity that is blocked by an antiestrogen suggesting that cadmium activates ERα through the ligand binding domain of the receptor. Scatchard analysis employing purified recombinant ERα demonstrates a high affinity of cadmium for the receptor (Stoica et al., 2000a) . Cadmium ( 109 Cd) binds with an equilibrium dissociation constant of approximately 4 to 5 × 10 -10 M. Cadmium also blocks the binding of estradiol to ERα in a noncompetitive manner (Ki = 2.96 × 10 -10 M) suggesting that the metal interacts with the ligand binding domain of the receptor. Mutational analysis identified cys381, cys447, glu523, his524, and asp538 as possible interaction sites of cadmium with the ligand binding domain of ERα. Metals serve several different functions in proteins including participation in catalytic reactions and stabilization of protein structure. Through interactions with different amino acids, metals may promote local folding, as in the case of the zinc finger, or assembly of different regions of the protein into one domain (Rulisek et al., 1998) . The amino acids identified as playing a role in the interaction of cadmium with ERα are located on helices H4, H8, and H11, and at the interface of the loop and helix H12 (figure 1B). Cysteines 381 and 447 are located on helices H4 and H8, respectively. Glutamic acid 523 and histidine 524 are located on helix H11 and are in close proximity to the ligand. Aspartic acid 538 is located at the loop-H12 interface and is also reasonably close to the ligand. Although the precise mechanism by which cadmium activates ERα remains to be defined, it is possible that interaction of the metal with these amino acids induces structural changes that mimic the structural changes induced upon the binding of estradiol. For example, the interaction of cadmium with asp538 at the interface of loop and H12 may result in the movement of helix H12 over the ligand binding pocket; the interaction with glu523 on helix H11 may facilitate the formation of a continuous bent helix between helices H10 and H11; and the interaction with cys381 on helix H4 may facilitate the formation of the coactivator binding site. This model remains to be tested.
ANDROGENIC EFFECTS OF CADMIUM
In the United States, it is currently estimated that the lifetime risk of developing prostate cancer is one in six for men. Every year, approximately 186,000 cases of prostate cancer are diagnosed and approximately 28,000 men die from the disease. The risk factors for prostate cancer include age, endocrine status, genetic susceptibility, occupation, ethnicity, race, ultraviolet radiation, diet, and environmental factors (Waalkes et al., 1994) . Several studies suggest that exposure to cadmium is a risk factor for the disease, however, not all epidemiological studies support a role for the metal in the etiology of prostate cancer. The first studies to suggest a link between cadmium and prostate cancer showed an increased risk of the disease in occupationally exposed workers in a nickel-cadmium battery factory (Potts, 1965; Kipling and Waterhouse, 1967) . A second study in smelter workers observed a significant increase in prostate cancer mortality but no evidence of an increased risk for the disease (Lemen et al., 1976) . Several additional occupational studies demonstrated an association between cadmium exposure and an increase in prostate cancer risk and mortality (Dubrow et al., 1984; Blair and Fraumeni, 1979) . However, more recent studies failed to show a link between occupational exposure to the metal and prostate cancer. While studies linking occupational exposure to cadmium with prostate cancer are inconsistent; studies linking environmental exposure to the metal with the disease showed an association. The latter studies found that prostate cancer was associated with dietary exposure to cadmium through drinking water and food (Elghany et al., 1990; Bako et al., 1980; West et al., 1991) .
The growth and development of the prostate gland is under the control of androgenic sex steroids. The effects of androgens on the expression of genes involved in the growth as well as in the secretory function of the gland are mediated by the androgen receptor (AR). In addition to normal growth and function, androgens play a central role in the development of prostate cancer. A causal relationship between androgens and prostate cancer is supported by the sensitivity and response of many prostate cancers to hormonal therapy (Bosland, 2000; Waalkes and Rehm, 1994) . Although the precise mechanism by which androgens affect prostate carcinogenesis is unknown, the hormones are strong promoters of the disease.
The LNCaP cells are an androgen dependent human prostate cancer cell line (Horoszewicz et al. 1980) . In LNCaP cells, cadmium mimics the effects of androgens on cell growth (Martin et al., 2002; Webber, 1985) and gene expression (Martin et al., 2002) . More importantly, environmentally relevant doses of cadmium mimic the effects of androgens in castrated rats and mice. Cadmium produces a dose-dependent increase in the wet weight of the prostate gland and the seminal vesicle complex that is blocked by an antiandrogen suggesting that the metal activates the androgen receptor in target tissue (Martin et al., 2002) . In intact animals, addition of cadmium to the drinking water significantly increases the weight of the prostate and seminal vesicles and the increase in weight was not reversed upon castration (Visser et al., 1979) . Taken together, these data suggest that cadmium is also a metalloandrogen and may explain, in part, the risk of prostate cancer associated with exposure to the metal.
The androgen receptor is also a member of the superfamily of genes that encode for the steroid receptors (figure 1). Similar to other members of the superfamily, the ligand binding domain of AR is folded into a three layered antiparrallel alpha helical structure. Unlike the ligand binding domain of ERα that has 11 alpha helices, the ligand binding domain of the androgen receptor is thought to contain only ten alpha helices (Matias et al., 2000; Sack et al., 2001 ). The AR is missing helix H2 and helices H10 and H11 are contiguous (Matias et al., 2000; Sack et al., 2001; Williams et al., 1998) . Similar to ERα, cadmium activates a chimera containing the ligand binding domain of the AR in transfection assays (Martin et al., 2002) . In addition, the metal binds with high affinity to the ligand binding domain (Martin et al., 2002; Donovan et al., 1979) and blocks the binding of androgen to the receptor. Scatchard analysis demonstrated that cadmium binds to AR with an equilibrium dissociation constant of 1.19 × 10 -10 M. The similarities between the ligand binding domains of AR and ERα and the ability of the metal to bind to and activate AR through the ligand binding domain suggest that cadmium may activate AR and ERα by a similar mechanism. In support of a similar mechanism, sequence alignment demonstrates that some of the amino acids identified as important in the interaction of cadmium with ERα are conserved in the ligand binding domain of the androgen receptor. However, further studies are required to define the precise mechanism by which cadmium activates the androgen receptor.
SUMMARY
Although additional population and laboratory studies are required to establish a link between environmental exposure to cadmium in the causal pathway of hormone related diseases, in vitro and in vivo studies conducted to date suggest that cadmium can function biologically as an estrogen and an androgen. The ability to bind to and activate steroid receptors is the likely cause of the hormone like effects of the metal. Although it has been demonstrated that cadmium binds with high affinity to the ligand binding domain of ERα and AR and, presumably, induces a conformational change that mimics the effects of the cognate hormone, additional laboratory studies are required to define the mechanism by which cadmium activates steroid receptors. In addition to the laboratory studies, the impact of environmental exposure to cadmium and other metalloestrogens on the incidence of breast and prostate cancer needs to be more thoroughly investigated within diverse populations. If as suggested that exposure to metalloestrogens could explain as much as 30% of these cancers, then increased environmental exposures to metals over the last half century may explain a large portion of the increased rates of these cancers in developed countries. Proposed model for cadmium induced activation of ERα. A. Domain structure of the androgen receptor and estrogen receptor-alpha. Estrogen receptor-alpha (ERα) and androgen receptor (AR) are divided into domains, termed A through F. The N-terminus of the receptor contains the A/B region which is a variable region that modulates transcription through a domain referred to as activation function-1 (AF-1). The DNA binding domain, region C, is a short well conserved cysteine rich region that contains two zinc fingers. In addition to DNA binding, region C plays a role in transactivation and dimerization. The C-terminus of the receptor contains regions D, E, and F. Region E is the ligand binding domain that contains the hormone inducible dimerization and activation function-2 (AF-2) domains. The ligand binding domain of ERα contains 11 alpha helices (H1, H3-H12) folded into a three layered antiparallel alpha helical sandwich surrounding the ligand binding pocket. B. Schematic model of helices H3, H4, H7 and H10-H12 of the ligand binding domain of ERα. In the absence of estradiol (E 2 ), the ligand binding domain is in an inactive state. It has been proposed that, in the inactive state, the ligand binding domain of ERα is an open state with helix H10 and helix H11 in a perpendicular conformation and helix H12 positioned away from the ligand bind pocket. Upon estradiol binding, the dimerization domain of the receptor is formed by the rotation of helix H11 and the formation of a continuous bent helix with helix H10. The coactivator binding site is formed when helix H12 is repositioned under helix H4 closing the ligand binding pocket. It is proposed that, upon cadmium binding to amino acids C381, E523, H524 and D538 in the ligand binding domain, ERα undergoes similar structural changes to form the active state of the receptor.
